Abstract-In the traditional hydraulic actuation system, the temperature-change of the hydraulic oil was small in operation, however, the temperature-change of the hydraulic oil could be hundreds of degrees in EHA system. The wide temperaturechange would affect the parameteres of the hydraulic oil and the efficiency of the pump. Therefore, the thermal-hydraulic model would not be applicable to the thermal modeling of the pump in the EHA system, because it neglected the influence of the wide temperature-change. For solving this problem, a novel thermalhydraulic model of pump by lumped parameter method was proposed, then a precise model of leakage flow and dynamic viscosity were introduced into this model. This novel model was certified by simulation, and the results indicate that this model was practical and accurate, and was more suitable for the thermal modeling of the pump in EHA system.
INTRODUCTION
In EHA system, the type of the energy transmisson was changed from the pressure of the hydraulic oil to the electrical power, so there was only few hydraulic pipes. The reduction of the hydraulic pipes would make the weight lower and reduce the noise and vibration [1] . However, for the hydraulic part in EHA system, there was not enough heat radiating area. In operation, the temperature-rise of the hydraulic part in EHA system would be very high [2] . Therefore, when the hydraulic part in EHA was designed, the thermal analysis was needed.
Piston pump of the hydraulic part was an important unit for the energy transmisson in EHA system, and was the uppermost heat generating component [3] . Therefore, the piston pump was the key foundation of the whole thermal analysis about the EHA system,.
In order to perform thermal analysis about the piston pump in the EHA system, the thermal-hydraulic model of the piston pump was needed to build. At present, there were two main methods to build the thermal models of the hydraulic parts: The first method was the commercial softwares. In [4] , the thermal model of the double press axial piston pump was built by AMEsim, and the different temperature-rise between the various displacement pump with constant pressure control and the double press axial pistion pump was analysized. In [5] , the thermal model of the hydraulic system was built by Dymola. In [6] , the heat generation of the EHA system was simulated by HOPSAN. The other method for the thermal modeling of the hydraulic system was the lumped-parameter [7] , which has been widely applied to build the different hydraulic parts' thermal model, such as accumulator [8] , hydraulic motor [9] , piston pump [10] . Compared these two methods, some conclusions could be obtained: the modeling process of the commercial softwares was simple and direct, however, the commercial softwares method was only appropriate for the standard hydraulic part. For some special hydraulic system, the commercial software method was inconvenient. The modeling process of lumped-parameter mehod was a little complex, but more flexible. The piston pump in EHA has some special characteristics, which could not be reflected by the pump modules in commercial softwares. Therefore, the lumpedparameter was more appropriate to build the thermal-hydraulic modeling of the piston pump in EHA system.
For the thermal-hydraulic modeling of the piston pump, Chenggong Li [10] proposed a four temperature-nodes model. Because the temperature-rise was low in the traditional hydraulic system, in the four temperature-nodes model, the temperature of the inlet oil was considered to be equal to the ambient temperature, and the temperature of inlet oil was always constant; however, in the EHA system, the oil circuit was very short, and there was not oil tank. The temperature of the inlet oil could not be a constant any more. Moreover, because of the high temperature-rise, the parameters of the hydraulic oil, such as viscosity, could also not be considered as constant. The four temperature-nodes could not reflect these characterics of the piston pump in the EHA system, therefore it could not be applied to the thermal analysis of the piston pump in the EHA system.
In view of the above problems, a novel thermal-hydraulic model of the piston pump in the EHA system was proposed. This novel model was built by the lumped-parameter method. On the basis of the four temperature-nodes model, a new converting-temperature node was introduced into this novel model, which was applied to describe the temperature-change process of the hydraulic oil from the outlet port to the inlet port, moreover, the precise model of the leakage flow and the dynamic viscosity were also introduced into this novel model. The simulation result showed that this novel model possessed adequate precision. As shown in Fig.1 , compared with the traditional oil supply system, the structure of the EHA system had its own characteristics as following:
Because of the power-by-wire, the EHA system did not contain the oil tank;
The hydraulic oil was only circulated in the EHA system, therefore, the oil circulation was very short;
Because of the limitation of the weight and volume, the cooling area was small.
For the cooling effect, the effective volume of the oil tank in a traditional hydraulic system should be designed as more than three times of the flow per minute of the pump. For the high-pressure hydraulic system, the effective volume of the oil tank should be designed as five~seven times [11] . According to the above requirements, assuming that the displacement of the piston pump in the EHA system was 1.3 / ml r , the rated speed of the piston pump was 2300 rpm , the volume as which the oil tank should be designed was 17940 ml . However, there was not an oil tank which could afford the enough cooling area in the EHA system, so the temperature of the hydraulic oil could reach a high level in operation.
III. THERMAL-HYDRAULIC MODEL OF THE PISTON PUMP IN EHA SYSTEM
The process of the lumped-parameter method to build the thermal-hydraulic model of the hydraulic system was as following:
According to the heat-transfer characteristic, the hydraulic part was divided into several temperaturenodes;
According to the first law of thermodynamics, the thermal balance equations of these temperaturehydraulic nodes could be gotten as following:
In (1), T was the temperature of the node, p c was the specific heat at constant pressure of the hydraulic oil in this temperature-node, m was the mass of the hydraulic oil in this temperature-node, in m was the mass of the hydraulic oil which flowed into this node, out m was the mass of the hydraulic oil which flowed out from this node, in h , out h was the enthalpy, Q was the heat transform, W was the work transform, P was the pressure, v was the specific volume, p was the coefficient of cubical expansion.
By the simultaneous of the thermal balance equations of these temperature nodes, the temperature-rise of each node could be caculated.
In [10] , the piston pump in the traditional hydraulic system was divided into four temperature-nodes: oil-adsorption node, oil-discharge node, oil-leakage node, pump shell node. The thermal-hydraulic model of the piston pump was shown in Fig.2 . In Fig.2 , the circular nodes represented the oil-nodes, and the rectangular node represented the shell-node. t T was the temperature of the oil-absorption node, p T was the temperature of the oil-discharge node, l T was the temperature of the oilleakage node, w T was the pump shell node.
The thermal balance equations of these four temperaturenode were as following:
where p c , w c was the specific heat of the hydraulic oil and the pump shell; t m , p m , l m , w m was the oil mass of the oilabsorption node, the oil-discharge node, the oil-leakage node and the pump shell node; was the density of the hydraulic oil; D and was the displacement and the rotational speed of the piston pump; fw k was the heat transfer coefficient between the hyraulic oil and the pump shell, wa k was the heat transfer coefficient between of the pump shell and the external environment; fw A was the cooling area between the hydraulic oil and the piston pump, wa A was the cooling area between the pump shell and the external coefficient; n l was the viscous friction loss, d l was the hydrodynamic loss, u l was the friction loss; in T was the temperature of the oil tank.
By the above thermal-hydraulic model, the thermal analysis of an piston pump was simulated, the result was shown in Fig.3 . As shown in Fig.3 , the highest temperature node of the piston pump in the traditional hydraulic system was the pump shell node, which temperature was 48.87 c , it was because that the heat generated during the operation of the piston pump was mainly dissipated by the leakage oil from the shell to external environment. The difference between the temperature of the oil-absorption node and the temperature of the oildischarge node was just 0.94 c , it reflected the characteristic of the traditonal hydraulic system that there was enough area for the cooling of hydraulic oil, therefore, in T in (2) could be as a constant.
For the piston pump in EHA system, the oil absorbed into the oil-absorption node could not get enough cooling, therefore, in T could not be considered as constant.
In order to describe the temperature-change process of the hydraulic oil from the oil-discharge node to oil-absorption node, a new converting-temperature node was introduced. The novel thermal-hydraulic model for the piston pump in EHA system was shown in Fig.4 . The thermal balance equation of the converting-temperature node was as below:
where c T was the temperature of the converting-temperature node, c m was the mass of the hydraulic oil in the convertingtemperature node, c A was the cooling area from the oilabsorption node to oil-discharge node.
The closed oil circulation was consitituded by the converting-temperature node. The thermal balance equations of the other four temperature-nodes were as below:
Let the c A be 2 0.3m , the thermal characteristic of the piston pump in EHA system was simulated. The result of simulation was shown in Fig.5 . As seen form the Fig.5 , the temperature of the piston pump in EHA system was much higher than the temperature in the traditional hydraulic system. For example, the temperature of the pump-shell node in the traditional hydraulic system was 48.87 c , and was 294.87 c in EHA system. The rising velocity of the temperature in EHA system was faster than in the traditional hydraulic system. Moreover, The node which temperature was highest was changed form the pump-shell node to the oil-discharge node, and the node which temperature was lowest was changed from the oil-absorption node to the pump-shell node. These changes reflected the thermal characteristc of the EHA system, in which the hyraulic oil chould not get enough area for cooling.
IV. INFLUENCE OF THE LEAKAGE TO THE THERMAL ANALYSIS OF THE PISTON PUMP
In general, the leakage of the piston pump was estimated by the volume efficiency. For example, if the flowrate of the piston pump was Q , and the volume efficiency was , the total leakage of the piston pump would be as below:
(12) The internal leakage il Q and the external leakage el Q were caculated by the empirical proportional coefficient. If the empirical proportional coefficient was k , the il Q and el Q could be caculated as below:
The leakage caculated by (12) and (13) was just an estimated value, which has a great error with the actual value. The error of the leakage would influence the accuracy of the thermal caculation. In the traditional hydraulic system, the leakage of the piston pump could be considered as constant, however, in the EHA system, the temperature variation range was wide, the leakage of the piston pump could not be as constant. Therefore, the precise leakage model of the piston pump should be introduced into the thermal model.
A. The precise leakage of the piston pump
The leakage of the piston pump could be divided into three types: the average leakage between the piston and cylinder hole pb Q , the leakage between the sliding shoes and the swashplate ss Q , the leakage in the range of the practical wrap angle in the oil expulsion region of the port plate vb Q . These three types of leakage could be caculated as below: 
The internal and external leakage of piston pump could be caculated by (14)~(16) as below:
The thermal analysis of the piston pump would be affected by the leakage. In order to caculated the precise leakage, the viscosity of the hydraulic oil should be known. However, the viscosity was also affected by the temperature [12] . Therefore, the dynamic viscosity which could relect the relationship between the temperature and the viscosity should be introduced into the thermal-hydraulic model of the piston pump in the EHA system. There were several formulas to describe the realationship between the viscosity and temperature, and the Vogel viscosity-temperature formula was considered to be most suitable for engineering caculation. The Vogel viscositytemperature was as below:
where T was the temperature of the hydraulic oil, a , b , c was three constants.
By substituting (19) into (14)~(16), the precise leakage of the piston pump with the dynamic viscosity could be gotten as below: The thermal analysis of the piston pump in the EHA system was simulated by the novel thermal-hydraulic model, and the result was shown in Fig.6 . The dynamic process of the viscosity was shown in Fig.7 . Fig. 7 . The dynamic process of the viscosity As shown in Fig.5 , the temperature of all the nodes rose slowly when the precise leakage model and dynamic viscosity was introduced, it was because the viscosity was changed with the temperature of oil, which process was shown in Fig.7 . Therefore, the novel thermal-hydraulic model of the piston pump could reflect the characteristic of the EHA system.
VII. CONSLUSION
A novel thermal-hydraulic model of the piston pump in the EHA system was proposed in this paper. Compared with the traditional model, this novel model had the advantages as below:
By introducing the converting-temperature node, the process of the temperature-change from the oildischange to the oil-absorption could be described;
By introducing the precise leakage model and the dynamic viscosity, the accuracy of this novel model was improved;
This novel thermal-hydraulic model could better reflect the features of the EHA system.
